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ABSTRACT
The detection of gravitational waves (GWs) generated by merging black holes has recently
opened up a new observational window into the Universe. The mass of the black holes in
the first and third LIGO detections, (36− 29M and 32− 19M), suggests low-metallicity
stars as their most likely progenitors. Based on high-resolution N-body simulations, coupled
with state-of-the-art metal enrichment models, we find that the remnants of Pop III stars are
preferentially located within the cores of galaxies. The probability of a GW signal to be
generated by Pop III stars reaches ∼ 90% at ∼ 0.5kpc from the galaxy center, compared to
a benchmark value of ∼ 5% outside the core. The predicted merger rates inside bulges is
∼ 60×βIII Gpc−3 yr−1 (βIII is the Pop III binarity fraction). To match the 90% credible range
of LIGO merger rates, we obtain: 0.03 < βIII < 0.88. Future advances in GW observatories
and the discovery of possible electromagnetic counterparts could allow the localization of
such sources within their host galaxies. The preferential concentration of GW events within
the bulge of galaxies would then provide an indirect proof for the existence of Pop III stars.
Key words: gravitational waves - stars: Population III - black hole physics - cosmology: dark
ages, reionization, first stars - cosmology: early Universe - galaxies: bulges
1 INTRODUCTION
The first detection of gravitational waves (GWs) by the Laser In-
terferometer Gravitational Wave Observatory (LIGO) has marked
the birth of GW astronomy. The event GW150914 (Abbott et al.
2016a) originated from the merger of a binary black hole (BBH)
system with masses ∼ 36M and ∼ 29M at a redshift z ∼ 0.1, cor-
responding to a luminosity distance of ∼ 410Mpc. This discovery
was followed by a second (Abbott et al. 2016b) and a third detection
(The LIGO Scientific Collaboration et al. 2017), the latter one with
inferred source-frame masses of ∼ 32M and ∼ 19M at z ∼ 0.2.
Current predictions (Abbott et al. 2016d) indicate that GW events
will be detected regularly with the additional GW detectors (e.g.
VIRGO and KAGRA) at a rate of several per month up to z ∼ 1.
Overall, the inferred merger rate is 2−200Gpc−3 yr−1.
The opening of a new observational window would enable a
revolution in our understanding of the Universe. From an astro-
physical point of view (Abbott et al. 2016c), the detection provides
direct evidence for the existence of BBHs with comparable mass
components. This type of BBHs have been predicted in two main
types of formation channels, involving isolated stellar binaries in
? fabio.pacucci@yale.edu
galactic fields or dynamical interactions in dense stellar environ-
ments (Belczynski et al. 2016; Rodriguez et al. 2016). Moreover, a
high-mass (∼> 25M) stellar progenitor favors a low-metallicity for-
mation environment (. 0.5Z, see e.g. Eldridge & Stanway 2016).
Extremely low metallicity (Z < 10−4 Z) leads to the formation of
high-mass stars because: (i) the process of gas fragmentation is less
efficient and results in proto-stellar clouds that are ∼ 10 times more
massive than in the presence of dust and metals, and (ii) the accre-
tion of gas onto the proto-stellar cores is more efficient (Omukai &
Palla 2002; Bromm et al. 2002; Abel et al. 2002).
The low redshift of the event GW150914, (z ∼ 0.1), and the
low metallicity of the stellar progenitors of the BBH suggest two
main formation scenarios for this source. The BBH could have
formed in the local Universe, possibly in a low-mass galaxy with
a low metal content (Belczynski et al. 2016). Another possible
formation channel is in globular clusters (Rodriguez et al. 2016;
Zevin et al. 2017). This formation channel implies that the BBH
underwent a prompt merger, on a time scale much shorter than the
Hubble time. Alternatively, the progenitors of the BBH could have
formed in the early Universe, possibly from Pop III stars (see e.g.
Belczynski et al. 2004). The first population of stars has not been
observed so far (see Sobral et al. 2015; Pacucci et al. 2017; Natara-
jan et al. 2017) and large uncertainties remain about their physical
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properties. Current theories (Barkana & Loeb 2001; Bromm 2013;
Loeb & Furlanetto 2013) suggest that Pop III stars are character-
ized by: (i) very low metallicities (∼ 10−4−10−6 Z), and (ii) large
masses (∼> 10M). The formation of BBH progenitors at high red-
shifts from Pop III stars would imply a time delay between for-
mation and merger of ∼> 10Gyr. Pop III stars are therefore natural
candidates for the progenitors of massive BBHs. For instance, Kin-
ugawa et al. (2014) pointed out that the detection of GW signals
from BBHs with masses ∼> 10M would strongly indicate that these
sources preferentially originated from Pop III stars. Hartwig et al.
(2016) estimated the contribution of Pop III stars to the intrinsic
merger rate density: owing to their higher masses, the remnants of
Pop III stars produce strong GW signals, even if their contribution
in number is small and most of them would occur at high z.
In this Letter we propose an independent way to assess if the
component of BBHs, detected through GWs, originated from Pop
III stars. Employing a data-constrained chemical evolution model
coupled with high-resolution N-body simulations, we study the lo-
cation of Pop III star remnants in a galaxy like the Milky Way
(MW) and its high-z progenitors. Due to the hierarchical build-up
of structures, we expect these old and massive black hole relics
to be preferentially found inside the bulge of galaxies. Previously,
Gao et al. (2010) employed the Aquarius simulation to show that
half of Pop III remnants should be localized within ∼ 30kpch−1
of galactic centers. Here we aim at improving this result, track-
ing the location of Pop III remnants interior to the galactic bulge
(. 3kpc). The localization of GW sources by future observations
would therefore allow to test their Pop III origin. Such spatial lo-
calization of GW events is currently out of reach. For instance, Nis-
sanke et al. (2013) stated that with an array of new detectors it will
be possible to reach an accuracy in the spatial localization up to ∼ 6
square degrees. This would allow the localization of a GW event
within the dimension of a typical galactic bulge (∼ 5kpc) only for
a few galaxies in the local Universe. This situation would change
if GW events had electromagnetic (EM) counterparts. The Fermi
satellite reported the detection of a transient signal at photon ener-
gies ∼> 50keV that lasted ∼ 1s and appeared 0.4s after GW150914
(Connaughton et al. 2016), encompassing ∼ 75% of the probabil-
ity sky map associated with the LIGO event. Similarly, the satellite
AGILE might have detected a high-energy (∼MeV) EM counter-
part associated with GW170104 (Verrecchia et al. 2017). While the
merging of the components of an isolated BBH generates no EM
counterpart, other physical situations exist in which the GW is as-
sociated with an EM signal. For instance, the merging BBHs may
be orbiting inside the disk of a super-massive black hole (Kocsis
et al. 2008), inducing a tidal disruption event (see also Perna et al.
2016; Murase et al. 2016). Moreover, the collapse of the massive
star forming an inner binary in a dumbbell configuration could ap-
pear as a supernova explosion or a GRB (Loeb 2016; Fedrow et al.
2017). The identification of EM counterparts of GW signals would
allow a precise localization of the source.
2 METHODS
We start by describing the properties of the simulations employed
along with the general assumptions for Pop III stars.
2.1 N-body simulation and chemical evolution
We employed a data-constrained chemical evolution model de-
signed to study the first stellar generations combined with N-body
simulations of MW analogues to localize Pop III remnants within
the scale of the MW bulge, ∼ 3.5kpc (Ness et al. 2013).
While the most important features of the N-body simulation
are reported here, more details can be found in Scannapieco et al.
(2006), Salvadori et al. (2010a). These papers simulated a MW ana-
log with the GCD+ code (Kawata & Gibson 2003) using a multi-
resolution technique to achieve high resolution. The initial condi-
tions are set up at z = 56 using GRAFIC2 (Bertschinger 2001). The
highest resolution region in the full simulation is a sphere with a
radius four times larger than the virial radius of the MW analog
at z = 0. The dark matter particles mass and spatial resolution are
respectively 7.8 × 105 M and ∼ 0.5kpc. The total mass of stars
contained in the MW disk and used to calibrate the simulation is
∼ 4×1010 M. The virial mass and radius of the MW analog, con-
taining about 106 particles, are consistent with observational esti-
mates Mvir = 1012 M, Rvir = 258kpc (Battaglia et al. 2005).
While the resolution of this N-body simulation is not the high-
est currently available, the chemical evolution model is unrivaled
in studying the metal enrichment of Pop III and Pop I/II stellar
populations down to the present day. The star-formation and metal
enrichment history of the MW is studied by using a model that self-
consistently follows the formation of Pop III and PopI/II stars and
that is calibrated to reproduce the observed properties of the MW
(Salvadori et al. 2010a). Combined with the N-body simulation, the
model naturally reproduces the age-metallicity relation, along with
the properties of metal-poor stars, including the metallicity distri-
bution functions and spatial distributions. Furthermore, it matches
the properties of higher-z galaxies (Salvadori et al. 2010b). So far,
no other simulations can simultaneously account for these observa-
tions. Hence, even if we are unable to resolve the main formation
sites of Pop III stars (i.e. the mini-halos), we are able to localize
with great accuracy the descendants of Pop III stars, i.e. the ex-
tremely low metallicity Pop II stars. For this reason, the method
we employ here is perfectly suitable for pinpointing the location of
Pop III stars in the MW and its progenitors.
2.2 General assumptions for Pop III remnants
Regarding the properties of Pop III stars, we make educated
guesses, or parametrize the unknown properties. For instance, the
initial mass function (IMF) for Pop III stars is predicted to be differ-
ent from the IMF of local stars. In the simulations, we employ dif-
ferent Pop III IMFs (see Sec. 4 for details) and check that the radial
distribution of Pop III stars is nearly independent on these choices.
Moreover, not all binaries can produce LIGO sources (Christian
& Loeb 2017), since they need to have suitable initial masses and
separations (see Sec. 4). Also the binarity fraction of Pop III stars
could be different from the one of local systems. A qualitative con-
straint on its value can be derived by matching our predictions with
the LIGO merger rate (see Sec. 5).
3 LOCATION OF POP III REMNANTS WITHIN THEIR
HOST GALAXY
Next we analyze the spatial distribution of Pop III stellar remnants
for the MW analog and for some of its progenitors at different halo
masses and redshifts (see Table 1).
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Galaxy Identifier MDM [M] M? [M] z
MW 7.7×1011 6.0×1010 0
P1 1.5×1011 5.0×109 3
P2 7.0×109 1.0×108 3
Table 1. Details of the MW analog and its progenitors (P). MDM is the dark
matter mass, M? is the stellar mass and z is the redshift.
3.1 Pop III remnants in a Milky Way like galaxy
Figure 1 compares the spatial distributions of Pop III and of Pop
I/II stars in the simulation of the MW analog. The kernel density
estimation (left panel) suggests that the distribution of Pop III rem-
nants is highly concentrated near the center. Each contour corre-
sponds to 10% of the components of each population. We find that
∼ 80% of Pop III stars are located within ∼ 3kpc from the galac-
tic center. This is confirmed by the probability distribution function
(PDF, right panel) for the distance from the center on the galactic
plane. The radial distribution of the two stellar components is sig-
nificantly different, as the full widths at half maximum (FWHM)
suggest: ∼ 3kpc for Pop III stars and ∼ 8kpc for Pop I/II stars.
Figure 2 shows the stellar densities for both populations: the radial
distribution of Pop III remnants is steeper, ρ?(PopIII) ∝ r−5/2, than
the radial distribution of normal stars, ρ?(PopI/II) ∝ r−3/2. Thus,
at increasing radial distances Pop III remnants are rarer:
ρ?(PopIII)
ρ?(PopI/II)
∼ r−1 . (1)
Similar radial profiles are found for smaller galactic systems, such
as P1 and P2 in Table 1. This is illustrated in Fig. 3.
4 MODELING THE PROBABILITY OF OBSERVING A
GW SIGNAL FROM POP III STARS
Employing our N-body simulations, we compute the probabil-
ity that GW signals generated by BBHs originated from Pop III
stars. We name this probability PIII,GW (r) and we calculate it as a
function of the galactocentric distance r. Formally, the probability
PIII,GW (r) is the product of three terms.
The first term, PIII(r), is the probability of having a Pop
III remnant at r out of the entire sample of stars: PIII(r) =
N∗(PopIII)/N∗(total), see Fig. 3 for examples of PIII(r).
The second term, Pbin, is the probability of having binary sys-
tems. This probability takes into account both the scenario in which
a BBH is formed from binary stars and the scenario in which the
black holes form separately and then become gravitationally bound.
The binarity probability depends on several factors and have been
extensively studied for Pop I/II stars. Instead, there are large un-
certainties in the extrapolation to the binarity probability of Pop III
stars. Here, we parametrize it with a constant value, independent
of mass: Pbin,III = βIII . Assuming that GW events are generated
by Pop III stars in galactic bulges, we derive in Sec. 5 an estimate
of the parameter βIII by matching our predicted GW rate with the
LIGO statistics, requiring that βIII ≤ 1.
The third term, PIII(M1,M2), is the probability that the pro-
genitor stars end up with remnants of the correct masses to produce
a given GW event, such as GW150914 or GW170104. This prob-
ability depends on a large number of parameters and is generally
impossible to calculate from first principles. The mass ratio distri-
bution, the orbital separation, the mass exchange between compan-
ions and the natal kicks after supernova events can only be incor-
porated by complicated population synthesis models (Eldridge &
Stanway 2016). The use of these models goes beyond the scope of
this paper. An improvement in our knowledge of mass ratios could
occur in the near future from large surveys, such as GAIA. Mashian
& Loeb (2017) predict that up to ∼ 3 × 105 astrometric binaries
hosting black holes and stellar companions brighter than GAIA’s
detection threshold should be discovered with ∼ 5σ sensitivity.
Whereas calculating the mass distribution of normal Pop I/II stars is
feasible, the IMF for Pop III stars is poorly constrained. Hence, we
make the simplifying assumption that PIII(M1,M2) depends only
on the IMFs of the two populations of stars. In other words, we
assume that it depends only on their respective probability of form-
ing stars above a given mass threshold, e.g. Mmin = 20M. In fact,
the mass range for LIGO-detected BBHs so far is 7− 36M, and
the initial stellar mass needs to be significantly higher than these
values. The characteristic mass of Pop III stars is predicted to be
larger than the mass of local stars, and so they are more prone to
having the minimum mass necessary to form BBH sources of LIGO
signals. With this assumption we are neglecting all the complica-
tions that can only be accounted for by population synthesis mod-
els. We use the following IMF for the two stellar populations, with
a Salpeter exponent and a low mass cutoff Mc that depends on the
stellar population:
Φ(m) ∝ m−2.35 exp
(
−Mc
m
)
, (2)
where m is in solar units. For Pop III stars we assume Mc,III =
10−20M, while for Pop I/II stars Mc,I/II = 0.35M. With Mc,III =
20M we find that Pop III stars are ∼ 700 times more common in
the mass range > Mmin than Pop I/II stars. Instead, with Mc,III =
10M, the factor is ∼ 200.
The final expression for PIII,GW (r) is:
PIII,GW (r) = PIII(r)×Pbin,III ×P(M1,M2) . (3)
Given our assumptions, the only term that directly depends on po-
sition is the first one.
5 CONSTRAINTS ON BINARITY AND RADIAL
PROBABILITIES
We are now at a position to constrain the binarity probability of Pop
III stars given the inferred LIGO merger rate and then compute the
overall probability that a GW signal event localized in the bulge of
a MW analog originated from Pop III remnants.
The LIGO detection statistics (Abbott et al. 2016d) implies a
90% credible range of merger rates R between 2− 53Gpc−3 yr−1.
In general, R is computed as follows:
R = ρG ×NBBH ×P , (4)
where ρG is the number density of galaxies in the local Universe,
NBBH is the average number of BBHs in a MW-mass galaxy and
P is the average merger rate. We assume ρG ∼ 2 × 10−3 Mpc−3
(Conselice et al. 2016) and P = 10−9 yr−1 (from the distribution
of merging times in Rodriguez et al. 2016 for BBHs in globular
clusters). A comment on the latter value is warranted. The PDF of
semi-major axes in binary orbits for Pop III stars is largely uncon-
strained. Here we make the educated guess that the PDF should not
significantly vary between Pop III and Pop I/II stars (Sana et al.
2012). Thus, it is also reasonable to employ the distribution of
merging times for Pop I/II stars. Moreover, the number of bina-
ries within the bulge of our MW analog is NBBH = 3× 104 × βIII
MNRAS 000, 1–5 (2017)
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Figure 1. Left panel: Kernel density estimate of the stellar distribution of Pop I/II (red) and Pop III (blue) stars. Each contour adds 10% of the corresponding
population. Right panel: Probability distribution function for the radial position in the galactic plane of a MW analog. The FWHM of each distribution is
marked by a vertical line. About 80% of Pop III stars are located within the inner ∼ 3kpc, while FWHM for PopI/II stars is ∼ 8kpc.
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Figure 2. Radial density profiles of the stellar density of Pop III remnants
and Pop I/II stars in the MW analog, up to r ∼ 13kpc from the Galactic
center. Both distributions roughly follow power laws: at increasing radial
distances Pop III remnants become rarer. The total mass of stars contained
in the MW disk and used to calibrate the simulation is ∼ 4×1010 M.
(with βIII the binarity probability for Pop III stars). We therefore
obtain: R = 60×βIII Gpc−3 yr−1. From the LIGO predicted rate we
obtain upper and lower limits for the Pop III binarity probabil-
ity of βIII,high = 0.88 and βIII,low = 0.03. Stacy & Bromm (2013)
find an overall binarity fraction of 35%, which is in the middle of
our range. The estimated binarity fraction of Pop III stars is large,
and somewhat compatible with observations of massive stars in the
Milky Way, indicating that about 45%− 75% of O-type stars have
spectroscopic binary companions. This is also consistent with the
fact that primordial stars are predicted to form preferentially in mul-
tiple systems (see e.g. Greif et al. 2012; Stacy et al. 2016).
The probability PIII,GW (r) that a GW signal is generated by
remnants of binary Pop III stars is shown in Fig. 3 for a MW analog.
In the calculation we assumed βIII = βIII,high = 0.88 and different
values of the characteristic mass in the Pop III IMF: Mc,III = 10M
and Mc,III = 20M. The probability that a GW signal is generated
by Pop III stars is enhanced in all cases within the core of the MW
analog. In particular, for Mc,III = 20M the probability reaches
∼ 90% at ∼ 0.5kpc from the center, compared to a benchmark value
of ∼ 5% outside the galactic core. Similarly, in the Mc,III = 10M
case, the peak probability inside the core is ∼ 35%, with a bench-
mark value of ∼ 2%. Also note that for Mc,III ∼ 30M the proba-
bility reaches ∼ 100% inside the galactic core.
6 DISCUSSION AND CONCLUSIONS
The masses of the two merging black holes in the first LIGO de-
tection suggest that their most likely progenitors are massive low-
metallicity stars. The BBH could have formed in the local Universe,
possibly in a galaxy with a low content of metals, and then merged.
Alternatively, the progenitors of the BBH formed in the early Uni-
verse, possibly as Pop III stars, and then merged on a Hubble time
scale. By using high-resolution N-body simulations of MW-like
and smaller galaxies, coupled with a state-of-the-art metal enrich-
ment model, we suggest that the remnants of Pop III stars should be
preferentially found within the bulges of galaxies, i.e. ∼ 3kpc from
the center of a MW-like galaxy. We predict a merger rate for GW
events generated by Pop III stars inside bulges in the local Universe
(z 1) of ∼ 60× βIII Gpc−3 yr−1, where βIII is the binarity prob-
ability of Pop III stars. By matching with the LIGO merger rate,
we derive lower and upper limits of 0.03 < βIII < 0.88. By using
βIII = 0.88 and a Salpeter-like IMF with a variable low-mass cutoff
Mc,III for Pop III stars, we predict that the probability for observing
GW signals generated by Pop III stars is strongly enhanced in the
core of their host galaxies. In particular, in the case Mc,III = 20M,
the probability reaches ∼ 90% at ∼ 0.5kpc from the galactic center,
compared to a benchmark value of ∼ 5% outside it.
A GW signal from within the bulge of galaxies could also
originate from BBHs formed in globular clusters and slowly drift-
ing towards the core (Rodriguez et al. 2016). Globular clusters can
produce a significant population of massive BBHs that merge in the
local Universe, with a merger rate of ∼ 5Gpc−3 yr−1, with ∼ 80%
of sources having total masses in the range 32− 64M. They drift
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 (orange) or Mc,III = 20M (red). The probability of a GW
signal to be generated by Pop III stars is strongly enhanced within the core,
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value of ∼ 5% outside the core. Best fit lines show instead the probability
PIII (r), i.e. not taking into account the binarity fraction and the IMFs, for
the smaller galactic units, of 108 M and 5× 109 M. Vertical dashed lines
show the extent of the bulges in the three galaxies.
towards the center of their galaxy, but the dynamical friction time
to reach the innermost ∼ 3kpc is very long. Since only a fraction
. 10−3 of BBHs generated in globular clusters would be found in-
side the innermost core of the galaxy, the merger rate inside the
bulge would be ∼ 0.005βGpc−3 yr−1, unable to match the LIGO
merger rate. We conclude that the Pop III channel is still the pref-
erential one for generating GW events in galactic bulges.
While most Pop III stars are within the core of the galaxy,
their total number is small with respect to the Pop I/II stars, whose
population had a much longer fraction of the Hubble time to form.
Nonetheless, the IMF of Pop III stars is skewed towards more mas-
sive stars. It is then up to ∼ 700 times more likely to have a Pop III
binary star with the right masses to produce GW signal like the first
or the third LIGO detections than in the case of Pop I/II stars.
Despite the large uncertainties regarding the physical prop-
erties (or even the existence) of Pop III stars, there is one robust
conclusion that can be drawn. If the first population of massive
(M?  10M) and metal-free (Z  10−4 Z) stars exists, then we
predict that GW signals generated by their BBHs are preferentially
(PIII,GW ∼ 90%) located within the inner core of galaxies. If the
GW signals detected so far by LIGO are indeed generated by Pop
III remnants, we predict in addition that their binarity probability is
within the range 0.03 < βIII < 0.88.
The localization of a GW in the core of a galaxy would not
by itself pinpoint its origin as Pop III remnants. Nonetheless, the
future build-up of a solid statistics of GW events and the possible
localization of a large fraction of them within the core of galax-
ies, coupled with considerations about their masses, could clearly
provide an indirect probe of Pop III stars.
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